We generated subpicosecond pulses from 8 to 18 m by difference-frequency mixing in a 1-mm-thick AgGaSe 2 crystal, the 130-and 180-fs output pulses ͑1.45 Ͻ Ͻ 1.85 m͒ from an 84-MHz-repetition-rate optical parametric oscillator. Numerical simulations show that intrapulse and interpulse group velocity dispersion determine minimum pulse duration above and below 15 m, respectively. By cross correlation ͑upconversion͒ of 10.5-m pulses with 90-fs, 810-nm pulses in AgGaS 2 , the pulse length was measured to be 310 fs in good agreement with simulations.
Introduction
Femtosecond optical pulses have helped provide considerable insight into ultrafast phenomena in atoms, molecules, and solids. With the advent of the Kerrlens mode-locked Ti:sapphire laser, production of 10 -100-fs pulses has become relatively common, and the high repetition rate ͑typically approaching 100 MHz͒ allows for high data acquisition rates and signal averaging. This source, although tunable, is limited to a wavelength range of 690 Ͻ Ͻ 1020 nm. Parametric oscillators and generators pumped by Ti:sapphire lasers can be used to extend this tuning range. For example, synchronously pumped optical parametric oscillators ͑OPOs͒ now nominally produce 100-fs pulses in the wavelength region from 1 to 5 m, [1] [2] [3] [4] whereas single-pass, difference-frequency ͑DF͒ mixing in LiIO 3 or AgGaS 2 crystals has provided subpicosecond pulses between 2.5 and 12.5 m. [5] [6] [7] Here we report an extension of the wavelength range of high-repetition-rate femtosecond sources to 18 m by DF conversion in AgGaSe 2 , which has a transparency range of 0.8 -18 m and a nonlinear susceptibility 8 ͑d 36 ϭ 37 Ϯ 6 pm͞V͒ approximately 50% higher than that 9 of AgGaS 2 . With a 1-mm-thick crystal and Ͻ180-fs input pulses, we obtain DF pulses that are shown to be as short as 300 fs with a cross-correlation technique, corresponding to a few optical cycles. We examine the main limitations to DF-femtosecond pulse generation at these long wavelengths and show that interpulse and intrapulse group velocity dispersion ͑GVD͒ determine the minimum pulse duration at different DF wavelengths. Figure 1 shows the experimental configuration we used for producing mid-IR femtosecond pulses. We generated these pulses by mixing signal and idler pulses from a critically phase-matched OPO based on potassium titanyl phosphate. The singly resonant OPO is synchronously pumped by 90-fs, 810-nm pulses from an 84-MHz-repetition rate, Kerr-lens mode-locked Ti:sapphire laser with an average output power of 700 mW. 1 With a single mirror set, the OPO yields approximately 80 mW of average power in both signal ͑1.45 Ͻ Ͻ 1.62-m, 130-fs-pulsewidth͒ and idler ͑1.62 Ͻ Ͻ 1.85-m, 180-fs-pulsewidth͒ beams. The signal beam has a near-Gaussian spatial profile whereas the idler beam's profile is elliptical with an aspect ratio of 2:1 because of the angle tuning used. Both beams are collimated, temporally overlapped, and focused by an uncoated 5-cm-focallength lens onto an uncoated 5 ϫ 5 ϫ 1-mm 3 AgGaSe 2 crystal. For an estimated spot diameter of 100 m, the average irradiance on the crystal is Ͻ2 kW cm Ϫ2 , which is well below the level associated with beam degradation caused by thermal lensing effects. 10 The crystal is cut at 66 0 relative to the optic axis and is used in a type-II phase-matching configuration ͑e ϩ o f e; d eoe ϭ d 36 sin 2 with as the internal angle between the input beams and the optic axis͒. The signal and idler beams are filtered by a germanium slab. Output radiation is produced between 8 and 18 m and detected with a liquid-nitrogen-cooled HgCdTe detector.
Experiment
Pulse spectra are analyzed with a monochromator with a 200-lines͞mm grating blazed for 12 m. , which is much less than the total available for the mixing process ͑100 ϩ 170 cm Ϫ1 ͒. The reduction reflects incomplete phase matching over the entire input bandwidth mainly because of GVD 11 and is consistent with numerical simulations based on the linear optical properties of the crystal. 12 Analysis of the temporal characteristics of the DF pulse requires some care. The DF pulse width is influenced by the input pulse widths, interpulse dispersion ͓in the form of group velocity mismatch ͑GVM͒ between signal, idler, and DF pulses͔, and intrapulse GVD within the pulses. Using the linear optical properties of the crystal, we numerically simulated the DF mixing process assuming the slowly varying envelope approximation, negligible pump depletion, and Gaussian input pulse profiles. Given the ϳ1-cm Ϫ1 gain coefficient for the downconversion process, the slowly varying envelope approximation is reasonable. Figure 3 shows the calculated DF pulse width as a function of wavelength. For illustration purposes we also show the pulse broadening per millimeter associated with GVD for a pulse with a bandwidth of 80 cm Ϫ1 and a temporal walkoff per millimeter caused by GVM between the DF pulse and the overlapped signal and idler pulses. Below 15 m the pulse duration is determined primarily by GVM or temporal walkoff of the DF pulses from the signal and idler pulses, which travel at nearly the same velocity. Beyond 15 m the pulse spreading caused by GVD dominates, with GVM again playing a minor role at the edge of the transparency range. For wavelengths in which both GVD and GVM are significant, the DF pulse is expected to be asymmetric even for symmetric signal and idler pulse envelopes. Since the DF pulse travels more slowly than either the signal or idler pulses, the leading edge of the pulse rises more rapidly than the falling edge. 13 To determine the duration of a DF pulse, we measured the cross correlation between 10.5-m and 810-nm pulses in a 7 ϫ 7 ϫ 1-mm 3 AgGaS 2 crystal, generating 750-nm light with upconversion. The use of this crystal restricted our pulse-width measurement to DF wavelengths below its absorption edge ͑11.5 m͒, so 10.5 m was the longest center wavelength that could be employed to allow the full pulse spectrum to be transmitted with minimum absorption. The crystal was cut with its optic axis at 45°to the normal input and was used in a type-II phase-matching ͑e ϩ o f e͒ configuration. Because the upconverted signal was weak, a 750-nm blocking filter was placed in the 810-nm beam, lengthening these pulses to 100 fs. Two interference filters ͑cen-tered at 750 nm͒ were also used after the AgGaS 2 crystal to suppress the strong background radiation. Detection was accomplished with a photomultiplier tube ͑Hamamatsu R928͒ together with lock-in amplification. GVM effects cannot be avoided in these cross-correlation experiments. For a 250-fs DF pulse and a 100-fs near-IR pulse, limiting the temporal walkoff contribution to less than 10% of the FWHM of the cross correlation would require a crystal thickness of Ͻ35 m ͑Ref. 9͒, which is too small to permit a measurable signal. The cross-correlation signal between 10.5-m and 810-nm pulses is shown in Fig. 3 . Simply deconvolving the pump pulse width from this trace without taking into account GVM, as was done previously, 5 does not yield the DF pulse width. The 700-fs FWHM mainly reflects the temporal walkoff of the two input pulses. Although this FWHM sets an upper limit on the DF pulse width, information contained in the shape of the cross-correlation refines that upper limit. By numerically modeling the upconversion process, taking into account the 100-fs FWHM of the 810-nm pulse ͑with assumed Gaussian pulse shape͒ and the temporal walkoff of the two pulses, we obtained the traces indicated in Fig. 4 for three different assumed DF pulse widths. The cross-correlation traces for the DF FWHM pulses of 25 and 600 fs are for illustration purposes only. The best fit corresponds to a DF FWHM pulse of 310 fs, which is in reasonable agreement with the calculations depicted in Fig. 4 . Since the simulations were sensitive to the DF pulse shape, the shape produced by the downconversion simulation associated with Fig. 3 was used. Pulse shapes, such as sech 2 , which have lower time-bandwidth products, yielded lower estimates of the DF pulse duration ͑200 -300 fs͒. For a 310-fs pulse, our timebandwidth product was 0.7, which was lower than what might be expected given the bandwidth of the signal and idler pulses because of spectral filtering through incomplete phase matching in the DF process as mentioned above.
Over the wavelength range of 10 -18 m, the average DF power was measured to be approximately 1 W as determined after calibration of the HgCdTe detector. For wavelengths longer than 18 m, the DF power was strongly attenuated by AgGaSe 2 absorption, whereas below 10 m d eoe decreased as approached ͞2 near a wavelength of 7 m. Compression of the non-transform-limited signal and idler pulses before mixing would improve output power, albeit by less than 1 order of magnitude. The low average power is also related to the use of singlepass mixing in a thin crystal. Increasing the average power of the DF beam by use of an OPO geometry instead of the single-pass geometry is not feasible with our pump powers. The low gain of the DF mixing process would require high reflectivity mirrors over a wide bandwidth; there are significant material limitations to this. Higher output powers in mid-IR pulses can best be achieved by use of tighter focusing or much higher input peak powers, such as those from an optical parametric amplifier. For example, signal and idler input beams with a repetition rate of 250 kHz and an average power of 100 mW ͑Ref. 14͒ would result in average DF powers approaching 1 mW.
Conclusions
Limitations on the DF pulses imposed by the use of non-transform-limited pulses are small. In our experiments GVM and GVD determine the final DF pulse width. The GVM between the DF and the signal or idler pulses also restricts the phasematching bandwidth over most of the 8 -15-m region to limit the spectral content of the DF pulse; at longer wavelengths in which GVM is small, GVD restricts the bandwidth. In a more positive vein, note that, since the optical dispersion of materials is much smaller in the mid-IR than the near-IR or visible regions, we are able to generate light pulses only a few optical cycles in length although the DF pulses have wavelengths of approximately a factor of 10 Negative delay corresponds to the 810-nm pulse arriving at the crystal before the DF pulse. Curves represent results from numerical simulations for various DF pulse widths: dashed curve, DF pulse width of 25 fs; solid curve, pulse width of 310 fs; dash-dot curve, pulse width of 600 fs. The curves corresponding to 25 and 600 fs are for illustration purposes only.
longer than those of the OPO. The high repetition rate of these pulses, along with the fact that the generating system is primarily solid state, makes this setup relatively easy to use.
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